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NATIONAL ADVISCRY CQMMITTEE FOR AERONAUTICS

TECANICAL MNCTE NO. 1C6¢

EFFECT OF THE NACA INJECTION IMPELIER Ol THE MIXIURE

DISTRIBUTION OF A DOUBLE-ROW RADIAL AIRCRAFT ENGINE

By Frankk T. Marble, William K. Ritter
and Mahlon A, Millour

SUMUARY

The NACA injection impeller was develored to Improve tho mix-
turo distribution cf aircraft engines by dischierging tne fuel from
n cenirifumal supercharger ‘mpeller, thus promoting e throrough
12ixing of fuel and chargo alr. Tests with a double-row radial
aireraft eagine indicated that for the normal range of engine power
the TACA inJection impeller rrovided marked impruvement in mixtuxe
dintribution cver the standard s reay-bar injlection system used in
the same engine. Tho mixture diastributicn et crulsing conditlions
wag excollent; ot 1200, 15CC, end 1770 biake horsencwer, the differ-
ences betwoen tio fusl-zir ratios of the richest and the leanost
cylinders were reduced to avproxinately ocno-tllrd tieir former
velues., The meximum cylinder temveraturcs were reduccd about 30° F
and the temperature distridbution was imnroved by apnreximately the
degree expected from thie lmmrovement in mixture distribution.
Bscause tho mixture distribution of the engina tested improves
clightly at cnglne powers excecding 1500 broke horsepswer and bocause
the offectivencss of the partlcular impcller diminishced slightly at
high rates off fuol flow, the improvement in mixture distribution at
rotod power and rich mixturcs was lcse than thet for other conditions.

The difference betwoen tho fucl-alr ratlos of the ricliost and
thu lemncet cylinders of the onginu using the standard s ray bar was
en groat that the fucl-alr ratios of soveral cylinders woro well
below tho chemically corrccet mixture, wherios other cylinders were
ovrating a% rich mixtures. Conscquently, cnrichment to improve
engine coeling actually increcaged gome ~f Lic critical tompcraturcs.
The wa?form mixturc distributfon ;roviled by the injection famnellor
restered the noymal resnonse T cyilndex temperaturos to aixtures
enriciment.
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The hazard of engine backfiring was reduced because the volume
of combustible charge in the intake system was de-reased and because
exceasively lovan cylinders were eliminated through lmprovement in
the mixture distribution. For the engine tested, no serious loss in
supercharger pressure rise rosulted from the injection of fuel near
the impnuller outlet instead of from the carburetor spray bar. The
injuctlion of fuol near the ilmpeller outlet does, however, reduce the
possibility of carburetor icing. The injection lmpeller furnishes

a convenient means of adding water to the charge mixture for inter-
nal cooling.

INTRODUCTION

The variation of temperature between cylinders and the improper
operation of individual cylinders due to nonuniform mixture distri-
bution contribute greatly to engzine-cooling and opesrational problems.
Adequate cooling for the hottest cylinders imposes a serious restric-
tion on airplane performance, whereas overheunting due to inadequate
cooling leads to engine fallure. Poor mixture distritution among
the cylinders definitely limits the possibility for economical lean
operation because of faulty firing or overheating of the leanest
cylinders. The problem of mixture distribution therofore has general

inportance especinlly for engzine installations of high-puvrformance,
long-rangs aircraft.

Centrifusal and gravitational separstion of fuwl dropluts from
the alr us well ne conrsu, nonuniform injection of fuul 1into the
comnbustion-air stream contributes to the variation in fuel-ailr ratlo
amon? cylindera. Conavquently, unless coarse fusl droplets at tho
impeller entrance are eliminated, fuvl-in'action upstream of tho
impeller or of any passage distorticn should offer only meager posgi-
billitles for improving the mixture distribution over more than a
limited range of engine conditions. A baaic lmprovement in mixture
distribution ehould be possible throush injecting the fuel at a
polint where the fusl dropiets are least subject to ssparution {'rom
the combustion air and by practically eliminating the large droplets
usually present in the charge-air struam.

The NACA injection impellor wis developed to avold the causes
of' nonuniform mixture distribution by injecting fuel near the
lmpeller outlet, where the elbow and the carburetor disturbances
are minimized and where the high velocity and the turbulent condi-
tiona may be utilized to minimize the eft'ect of gravitutional forces
und to provide thorough mixing and fuel uvavoration. During the
period in which the NACA inJjsctor impuller was developed, nelther of
the two manufacturers of 18-cylinder radiul ovngines wos idls in
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rescarch on spinmmer-injection Imvellers. Tho present report
discusscs tiie theory and the design of the NACA injoction impeller
and vresents results of perforvance tests of a double-row radial
elr-cooled engino equipped with the injection impeller.

TiE UACA INJECTION IMPELIER

The NACA injecticn impeller s s centrifugal impoller mcdified
to act as a fucl distridbuter as well es a suvercharger. Fuol nas-
sages discherpge from a cenirelly located supply chamber into the
air passcges at a point sulficicntly near the imreller tip to aveid
fuel imningement on tle stationary shrovd. The contrifugal force
with which the fuel is discharged is much preceter than tho grevita-
tionel forccs and conssquently a uniform peritvheral fucl discharge
frem tne immoller pay be attalned.

The HACA injecciion impeller shown in figure 1 was designed for
direct aprlicatlon tc an englne with a nminimum alteration of parts.
The metered fuel is fed from the carburetor to a stati-nary nozzle
ring, instcad of nassing to the conventionzl spray bar located Just
downatream of the carburctor, snd is delivervd from thic nozzle ring
into n collect r cun thet r¢tates with tre immeller. A 1/32-Inch
ajr gap was provided botween the nozzle ring and the chllector cup
to elininate surging in the fucl system. Tho fuel, wh ch is thrown

o tho swlace of the ceollector by the rotating fucl nducer, flows
by contrilfugal actlon through tic collector cup and the inreiler
transicr passuges to tho fucl-distribution ennulus. The retating
collecteor cup ond tho facl-distribution aunulus scyrve as equaliza-
tion chembers lor correctiag saymmctrical diatribution of the fuol
entering the lmpeiler. (Th?s means of transferring fuel from the
carburetor tc the ‘mpeller would be nelther nececeary nor dcslroblo
for Insialletiong permitting fuel to be fod directly to a distri-
bution arnalus on tho web cide of the impeller.) From tne fuel-
distributior annulus, tho fuel is throwm through the radial holes
into the alr stream of the imucller »essages. The 11 radial fuel-
inJestlon passnges of 1/16-inch Aiametor are drilled through the
wsb of the impeller nnd cnter elterncte ajr pmsseges at a point
whero the fuel will be struck and disporsed by ihe advancing
imveller blado.

In order to ostablish the safety of tho injection impellor,
rrelininary sp.n tesis were conducted in which deformation was mcase
urcd over a range of speeds. Tho permanent extension of tho diam-
ster was €.010 jnch at 200 percent of ratud speed and increcsed
raridly with increasing speed. Inasmuck as the impeller failed at
235 percont of rated spoed, it is structurally safe for normal
engine operation.
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ATPARATUS AND TESTS

™o teata of tho NACA injoction smneller were mado with an
12-cylindcr radinl aireraft crngine installed in a toat coll (fig. 2)
and Tittod with a flight cowling and irdnction systea. Tho cxtent
of tho instruuontation and thc teats vag roduced to tha% cascntial
for indicating the cngine perfoimance with the injection impeller.

Test engine and ingtrumentation. - The engine uscd for the tosts
wea en 18-cylinder, double-row vadianl, air-cooled aircraft engine
with & normal rating of 20CC brake horsejower at 2400 rmm and a take-
off rating of 2200 brake horgepiwer at 2600 rmm. The cngine has &
single-stage, gear-driven superchargcr with a gear ratio of €.06:1.
An injection-type carburetcr woa uscd for the testo. Engine power
was pbgorved by a lé-foot, 7-tnck-daneter, four-bladed, congtant -
srced proneller snd was measured by meens of a torquenmetcr. A cir-
crmferential bafflc plate was installed in the test coll to eliminate
counterflow arcund the propeller tips. Coc ling air wao drawn across
the engine by a controllable auction system and combustion nir was
supnplied by a centrifugal blower throuch an air-tempering unit regu-
leted to give & carburetor-dock tempcrature of 100° F.

In ordor to determino the fucl-air ratio at which cach cylinder
wag operating, cxhaust-gas camrles were teken from each cxhaust port,
passed through an 13-tube oxidizing furnace, and analyzcd for carbon
dicxide content., The mcthod of dctormining the fuel-air ratio from
oxidized camplcg is €escribed in refercnce 1. Sampling tubos, tho
intulo cnds of which wore flattoncd to form a 0.0l-inch slot opening,
were located at the outlet of each exhaust nort. (Sce fig. 3.) MNo
a’r contamination that might arime from lealage n the manifold sys-
tem wag observed In tho exhaust-ges samrlea.

Cylinder-hcad temperatures were meagured by iron-constantan
thermc:ouples located in thre follcwing roeiticna on each cylinder
(oce fig. 3): rear spark-plug sagket, rear srark-pluz boss, exhauat-
valve seat, Otandard Army-type thorw ,courleo were used at the rear
gpark-plug-gasket location and sneclally built +hermocounles,
imbodded as sacwa in figure 3, were used in the othor nogitions.

The cooling-air temneralurc was meacured by three lron-congtantan
thermocouples locnted at the cowling inlol, ard tho carbureter-deck
temperature was chocked by tw thermecouples locatod on tho scroen
unstream of tie carburctor. All tcmperatures wore rocorded on self-
balancing potenticucters.

Cooling-air pressurcs (fig. 4) wore monsured at five points of
paffle inlot to cach crlinder and at two peints bohind the curl of
the baffle outlet and at one point above tho top heod bafflo of cach
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rear-row cylindor. The total-pressure tubes at the baffle inlet
wera located midway betwoon the baffle and the fin tips and far
¢nough bohind tho inlet radius to avoid the effect of local alr-flow
soparation from the baffle. The abaolute manifold pressure, the
carburctor-duck pressure, the carburotor metering prossures, and the
pruasure drop across the crrburvtor woro measured by murcury manor-
wtera,

Test procedure. - 1n order to evaluate ths performance of the
NACA injJection impeller, the mixture distributions of the test
engine using the norwal spray bar and using the injection impeller
were compared at {our englno powers and speeds. The following
operating conditlons were gelocted:

Porcentngo Braxe Engine apeod Carburvtor
rated powor |horsepower (rpm) gotting
&0 1260 2000 Automatic lean
T8 150C 2200 Automatlc rich
8¢ 1700 2300 Do.
100 | 2000 2400 __Do.

For each test of tho engine uaing the standard srray bar, the
cooling-air preasure drop was adjuatod to glve a temperature of

450° F on tho hotteat rear spark-plug zasket. The corresponding
tests of the englne using impoller inju~tion wore conductud at tho
same valuos of cooling-alr proasurc drop and fuol flow. The fuol-
alr ratio of each cylindor, as woll as complete cylindor-
tempuraturo and ongino datn, was obtainud using both the spray bar
and tho impellur injection systoms.

In order to obscrvu the offuct of over-all fuol-alr ratio on
thu oporation of ths injoction impollur, tests with roducod fuel
flows were conducted at 150C, 1700, ard 2000 brake horsepcwer. The
aame resapactive values of cooling-alr presaure drops were used in
thege tests as were used in the tuats with automatic carburetor
sottings, In each case the fuel flow was reduced the amount per-
mitted by the limiting rear spark-plug-gagket tempurature of 450° F.

RESULTS AND DISCUSSION

Mixture-distribution asurveys of the test enginev uaing the
spray-bar injection system (fig., 5) exhibited wido variations in
fuel-nir ratio among cylindera for the four cporating conditions,
Large differences between the fuel-uzir ratios of the richest and
the leaneat cylinders are apparently present at all operating
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conditlons, although a definite improvement in mixture distribution
was apparent at high powers and engine speeds. In all cases these
differences are of sufficlent magnitude to be a source of unsatis-
factory engine operation and cooling.

Eff'ect of NACA injection impeller on mixture distribution, -
The mixture distributions of the engine using the standard spray bar
and the inJection impeller are compared at the same operating con-
ditlona in figure 6, The fuel-air ratios of the richest and the
leaneat cylinders and the values of the fuel-air-ratio spread are
proasented in the following table:

Bruake

= i
1220 5( 1700 2000
horserower

Mothod of |Stand-| Injec- [Stand-|Injec-|8tand-| Injec- | Stand-| Injec-
fuel ard -1tlcn ard tion jerd |t.on ard tlon

injectlion |spray
| bar

impel-lapray iimpel-|{epray | inpel-|apray |impel-
ler bar [ler ibar |ler |2er

e ST oo Fusleadroreitio. o - o o
Maximum 10,0 7 10.102 10.098 10.103 10.098 |0.109 ]0.110
Minimum .07¢ | .088 | .085 | .09z | .09t | .098
Spread 8 | -02¢ | .010 | .018 | .005 | .014 | .012

A marked reduction in mixture sprend is shown at 1200, 1500, and
1700 brake horsepower, which indicates that the operation of the
NACA IinJjection impeller i3 entirely satisfactory for these condi-
tiona. At 2000 brake horaspower, however, the improvement is leas
noticeable, apparently becnuse the mixture dlstribution using the
gtandard spray bar 1s much better at this power than at the lower
powers nnd because the injectlon impeller does not operate so sat-
isfactorily at thie condltion as at the lower fuel f'lows.

The mixture distributlor rodu~ed fuel flows are shown in
figure 7 ror 1500, 1700, and 2u00 brake horsvpower and are compared
with the mixturo distribution obtained whun using a spray-bar at
rich mixtures for the corresponding emyine conditions. The numer-
ical comparison is given In the fcllowing table:
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Brake .
horse or| 1500 1700 2000
Muthod of |Stand-]Injec- |Stand-]Injec-[Stand-|Injsc-

fuel ard tion |ard tion |ard tion

injJection |epray |impel-|spray |impel-|spray |impel-
.dbar _ ller bar ler bar lexr

Fuel-air ratio

Maximum  [0,102 [0.077 ]0.105 |0.094 [0.109 [0.090
Minimum .76 | 071 [ .085 | .085 | .095 | 084
Spread .026 | .00€ | .018 | 011 | .014 | .006

The variations in mixture dietributiovn when ueing the injection
impullsr and reduced fuel flow are considerably emallsr for 1500
and 2000 braks horsepower than wers the variations with high fuel
flows, but slightly greater for 1700 brake horasepower. Thsse data
indicate that the ability of the injsction impeller to overcoms the
effecte of gravitational and ~entrifugal fuel eeparation is inhib-
ited at high powurs and fuel flowe (fig. €) by some factor in ihs
impsller dssign, the effe-~ts of which nre sliminated 1t reduced
values of fuel flow.

Effect of impeller injsction on cylinder tempurature, - The
cylinder temperature changue that result from the 1mproved mixture
distribution (fig. 8) ars eimilur for the rear epark-plug gaskets
and the exhaust-valvs eeate. The rear spark-plug-gasket tempsra-
ture le of intereet bscause it le n convenient measurement and is
used ae a standard; the temperature of ths exhaust-valve seat 1s
8lven bocause 1t hae bwen obosrvsd that numerous faiiures occur in
this reglion of the cylinder. (See fig. 3.) The mixture dletribu-
ticne for the standard and the modifled vngines are given in the
eams figure in ordur to facilitats a compariecn of the trsnde,
Bocause the cooling-alr temperature varised beiween teste, the
cylindsr-- emperature valuee nregented in figure 8 have been cor-
rected by the method deacribed in refsrsnce 2 to a cooling-alr
temperature of 70° ¥, The cooling characterietics necsssary for
thie calculation were oblainsd from refsrevnce 3.

The temperature patterns for the engine ueing the standard
spray-bar injectlon system follow ths trend that might bs expscted
to reeult from the dlstribution of fuwl-air ratio., Likewise ths
changss in the cylinder-head temperatures effected by the injection
impeller gunerally correspond to the changes in fuel-air ratio
although the two ars not always of comparable magnltude, Tho max-
imum and the minimum rear epark-plug-gaeXet temperatures, as woll
as the temperature sprvade, are pressnted in the following tablo
for both injection eystoms:
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- o e ——p——————

ﬁziggpower 1200 1500 1700 2000

Mothod of |Stand-|InJjec-|Stand-|Injec-|Stand-|InJjec- |Stand-{InJec-
fuel ard tion |ard tion fjard tion nrd tion
injection |spray !impol-{sprny :iupel-lspray ;impel-|spray }impel-
bar ler (bar __{ler  |bar__ller bar _iler
___Temperature, F X
Maximum 448 420 460 427 462 432 | 461 |
Minimum 358 | 361 | 3¢ ! 346 | 345 | 349 | 343 {
Spread 90 59 124 81 117 83 118 j

42
33
9

In order to compare the observed improvement in cylinder tem-
perature distribution with that exrected trom the improvement in
the mixture distribution, the thecretical change of hoad-teumperature
pattern (refersnce 2) was couputed fromw the jucl-air-ratioc patterns
for the engine using the injuction impeller and from the temperature
distribution of the engine using atandard apray-bar injection ns
follows:

/ Thl - Ty
ATy, = ATg \\ (1)

&R T

change in head tempurnture with fuel-air ratio, assuning
conetant cooling-nir flow and churge-air flow,

change in combustion-gas tempernture with fuel-air ratio,
agsuning constant cerburetor-duck temperature and suprer-
charger speed, °F (refercnco 3)

cylinder-head temperature at initial conditiona, ©F

ceoling-air temperaturs, °F

initial combustion-gas temperature, °F

The theorotical values for the wxhaust-valvu-ecat tumperatures at
1500 dbrako horsepowor using the injJoction impeller are compared in
figure 9 with tho observed valucs., Substantial agrevment between
the calculated and the observed valuee of the exhaust-valve-seat
temperature is obtained for the rear-row cylinders but unaccountable
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discrepancies as great as 40° F are ehcwn in some caees for tho
front-row cylinders. The actual change 1n head temporature is
usually less than the value glven by equation (1).

The improved mixture distribution obtained with impeller injec-
tion ineures that the temperature of each cylinder will have nearly
the same responade to variations of the ergine fusl-alr ratic. For
lean operation with neruniferm mixture distrivution, the fucl-air
ratio of individual cylinders may be richer cr lesaner than the
chemically correct mixture, When the mizture ls cnriched f'or the
purpese of reducing cyllinder tumpsraturcs, the temperaturvs olf’ the
cylinders whoee fuel-air ratica were originally below the chemically
correct value will Increuxse until the fuel-alr ratic of these cyl-
inders exceeds the cherically correct value. TInitial enrichkmeut,
therefore, may actually increase tre critical cylinder temperatures
and the enrichment would have tc be carcied t reat oxcesa, with
a cemmensurate loaas in ecenomy, in order te overcome this difficulty.
The uniform mixture distribution previded by the Injection immneller
reetores the normal functien cf emrichrent coeling and eliminates
the neceseity for excomeively rlich cperatien,

Use of NACA inJectlon izpeller for inlecting water, - The NACA
injection impesllur provides a very simple and eftfective means of
inJscting water, Wator is moutered inte the fuol-transfer linc and,
after the fuel and water pass through the retating fuel inducer and
into the distributiecn annulus, they are uniformly distributed te
the engine. Results of limited tecsts usling water injection indicate
trends similar to those shown in figure 10 where typical temperzture
and mixturs distributicns with and witheut water injection are
compared for teets at 1700 brake horasepower. Tho same rate of fuel
flow wae maintained for ‘le twn tests; the encine fuel-air ratio
for the tests with water inJ)ection was reduced as a result of the
increased alr consumption required by the addition of water. Tne
reduction in cylinder-head tomperatures indicatee that, with the
rossible exception of cylinder 1, the distributlon of water was
reascnably uniform., The uniformity of mixture distribution was only
slightly disturbed by the use of watwr inJoctien.

Effect of NACA InJection impeller on engine operaticn. - The
tests conducted with the engine uzing the injtection Impeller showed
improvements in general engine coperation and revealed functicnal
problems resulting from use of the NACA injection impeller.

Although the evidence ie of & qualltative nature, it appears that
the engine atarting characteristice were luproved by impeller injec-
tion. The use of impeller injectlon eliminated the fuel usually
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present between the carburetor and the impeller. Aa a result of
this reduction of combuatible mixture in the intake system and tho
elimination of excessively lean conditions at any cylinder, both

the frequency of and hazard from backfiring were apparently reduced,
Because the acceleration Jet diacharged near the carburetor cutlet,
it was necessery, however, to saturate the alr between the carbu-
retor and the impeller cutlet before this fuel could be supplled to
the englne. Becnuse of this factor and the additional inertia of
the lengthened fuel passages, the acceleration reaponse of the
ongine was below normal. Modification of the carburetor to rrovide
an accelerating roservoir with doublo the normal volume resulted in
acceleration characteristics equaling thcse of the engine usins: the
standard spray bar. Because of the absence of fuel vapor in the
aupercharger inlet elbow, the air temperature at the inlet of iLhe
injecticn impeller was higher than that in the standard installaticn,
which should reduce the prebability of icing.,

Durling the tests, it was noted that high-power operaticn
required slightly greater throttle cperings with the inJecticn impel-
ler than with the atandard spray-bar system, which indicates that
the injection of fuel near the impeller discharge had = measuratls
effect on the supercharcer pressure ratio. At Z000 breke horserpower,
the supercharger pressure ratio was roduced frem 1.71 to 1,60 whken

mpeller injection was used. Four prosslble causes of' this loss are:

1. High air temperature at tho impeller inlet reaulting from
absence of fuel vapor

2. Change of air properties resulting from absence of fuol
vapor

3. Change in ailr denalty at the Impeller inlot resulting from
incrensed air tempsrature and the atsernce of fuel varper

4. Chango in air-flow pattern at the point cf fuel injecticn

An increase in inlet-air terporature and in sonic velocity is accom-
panled by a reduction in Mach number (refervnce 4) and supercharger
pressure ratio. This effect may be counteracted by increesing the
impeller speed until the original Mach number is attained. Calculn-
tlens made for an increnas in inlet temperature of SO° F at

2000 brake horsspower showed that the supercharger presaure ratio
was reduced from 1.71 to 1.83, which 18 of ths samu order as the
reduction 9xperirentally cbtalned. The absence of fuol vapor at the
irpeller inlet reduces tho value of t ratio of specific heata, an
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eff'act that may counteract, to a certain extent, the increase in
gonic velocity accompanying the temperature increase. For a given
welght of charge-air flow, the pressure ratioc may vary because of
change in load coefficient with the inlet-air density. Because of
tusl evaporation, the alr density nt the impeller inlet is increased
by the temperature reduction and 1s dacreased by the volume cf the
fuel vapor. The direction of the density change is difficult to
predict but the two opposite trends should insure that the change
will be small. This effect wlll thersefore be surious only when the
supercharger 18 operating near maximum caracity; in a properly
zatched supercharger-engine cembination this operating cendition
will not occur. It 1s possible that premature flow separation from
the impeller wall, with & resulting logs in efficlency, might be
induced by the fuel jet. The measured magnitude of the resulting
loss in pressure ratio indicates, howsver, that the loas 1s not
severse.

SUMARY OF RESULTS

Because the NACA injJection impeller attacks the problem of fuel
distribution in a fundamental wanner, some success in all inetalla-
tions can be expected. The results of the present investigaticn
aprly, Lowever, only to the injJectlon impeller installed on & partic-
ular radial aircraft engine, Observaticns indicated that the engine
usin;; the inlection impeller had batter astartingz characteristics and
reduced fraquency of backfire than the engine using the standard
spray bar. The injection impollor nrovides a simple and effective
means of water injecticn nnd, bocause of the position of the fuel
in)action, reduces the probability eof ice fermation in the inductien
system. The algnificant results of tho investigaticn may be summa-
rized as follows:

1. Use of the NACA inlection lmpeller markedly improved the
fuel-air-ratio distributlcn for all engine pcwers and speeds tested.
Except for rich operation at rated pewer, the dlfference between the
fuel-air ratios of the richest nnd the leanest cylinders wans reduced
to approximately one-third 1ts value with the standard spray bar.

2. As a direct result of the improved mixture dlstribdution,
the maximum cylinder temperatures were reduced about 30° F and the
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temnerature differcnces between the hottest and tlhe coldest c;1-
inders were rcduced to two-thirds itholir value witlh the standeid
apray bar.

3. Ho severe decrecase in supercierger pressurc rat resnlted
from fuel Injection neer the ifmrellor outlet; a reduction faon 1 .71
to 1.60 was the greateet encruntercd dur.ng the tests.

Alreralt Ingine Research Laboratcory,
National Advisory Cormittee lor Aeronautics,
Cleveland, OLio, November 14, 1945.
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